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We present a theoretical analysis of dynamic spin injection due to spin-dependent tunneling
between a quantum well (QW) and a bound state split in spin projection due to an exchange
interaction or external magnetic field. We focus on the impact of Coulomb correlations at the
bound state on spin polarization and sheet density kinetics of the charge carriers in the QW. The
theoretical approach is based on kinetic equations for the electron occupation numbers taking into
account high order correlation functions for the bound state electrons. It is shown that the on-site
Coulomb repulsion leads to an enhanced dynamic spin polarization of the electrons in the QW and
a delay in the carriers tunneling into the bound state. The interplay of these two effects leads to
non-trivial dependence of the spin polarization degree, which can be probed experimentally using
time-resolved photoluminescence experiments. It is demonstrated that the influence of the Coulomb
interactions can be controlled by adjusting the relaxation rates. These findings open a new way of
studying the Hubbard-like electron interactions experimentally.
I. INTRODUCTION
The research field of spintronics continues to grow cov-
ering various spin phenomena in solid-state physics1. The
first generation or ”metallic” spintronics is associated
with magnetism and exchange interaction. It has suc-
ceeded in suggesting practical applications, the vivid ex-
ample is the giant magnetoresistance effect widely used
in hard drives2. Semiconductor spintronics of the sec-
ond generation is focused on the effects based on spin-
orbit interaction, which locks a particle motion with its
spin. This locking is key to many attracting practical
applications3. In the traditional semiconductor materi-
als the effective spin-orbit interaction is relatively weak,
so the latest research in the field of spintronics devel-
ops in two overlapping directions: new semiconductors
with stronger spin-orbit interaction, including topologi-
cal insulators4,5, and new spin phenomena based on the
exchange interaction6. Our work contributes to the sec-
ond direction, in the present paper we focus on a dynam-
ical spin injection into a quantum well (QW) through a
tunnel barrier with account for the exchange interaction
in the leads.
The spin injection into a semiconductor remains the
cornerstone of modern spintronics. The conductivity
mismatch prevents an efficient spin injection from a fer-
romagnetic metal into a semiconductor7. The widely dis-
cussed solutions of this problem (apart from those based
on spin-orbit interaction) include using dilute magnetic
semiconductor as a spin injector8,9, spin injection from
a ferromagnet through a tunnel barrier10, superdiffusive
spin transport11. In our paper we consider a spin injec-
tion into a semiconductor due to spin-dependent relax-
ation of initially unpolarized ensemble of charge carriers.
In this sense it is similar to spin-depdendent recombina-
tion phenomena12,13.
In our model a non-equilibrium distribution of the non-
polarized carriers is assumed created instantaneously in
the QW. We analyse theoretically the subsequent kinet-
ics of the spin polarization. The study of this physical
model is motivated by the experimental studied reported
in Refs.14,15. In these experiments an InGaAs based het-
erostrcutures with a QW and remote Mn doping layer
was optically pumped with non-polarized carriers; the ex-
perimentally measured time-resolved photoluminescence
indicated a development of non-stationary spin polar-
ization of the 2D carriers in the QW on the time scale
smaller than the radiative recombination time. The ori-
gin of this phenomena was explained theoretically as elec-
tron tunneling from the QW into a Mn dopant layer16,17.
The spin splitting of the impurity bound state in the
dopant layer due to exchange interaction results in the
spin-dependent tunneling rate and thus leads to the spin
polarization of the carriers remaining in the QW16.
In this paper we generalize the theory by developing
non-stationary formalism to describe the charge and spin
kinetics in the QW coupled to a bound state. An impor-
tant feature of our study is that in addition to the con-
ventional Heisenberg exchange interaction we account for
the Coulomb correlations at the bound state which can
contribute to the spin splitting as it is well known from
Anderson and Stoner models18. We show how the kinet-
ics of the spin polarization in the QW depends on the
relaxation rates and the strength of the Coulomb on-site
correlation at the bound state.
II. THEORETICAL MODEL
Although motivated by the experiments14,15, in this
paper we do not restrict ourselves to a particular semi-
conductor heterostructure design. Let us consider two
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2FIG. 1. Two possible realizations of the considered sys-
tem: (a) corresponds to the design of experimentally stud-
ied (Ga,In,Mn)As heterostructures with bound states formed
by paramagnetic impurities, (b) is an alternative design with
bound states formed by a quantum dot (QD).
model systems shown in Fig. 1. Essential for both con-
figurations is a QW with one size quantization subband.
At initial time t = 0 it is filled with unpolarized non-
equilibrium 2D electrons (for example, created by an
optical pumping) with the energies εk, where k is the
in-plane wavevector. A spin-split bound state with the
energy ε1 is separated from the QW by a tunnel bar-
rier. The barrier is characterized by the tunneling rate
Γ. The radiative electron-hole recombination in the QW
is characterized by the rate γk, which is spin-indepedent.
There is also a spin-independent relaxation channel emp-
tying the bound state with a characteristic rate γ1.
The model system shown in Fig.1,a corre-
sponds to the experimentally studied (Ga,In,Mn)As
heterostructures14, in which the bound state is formed
by Mn ions in interstitial position providing donor-like
states. The delta-doping Mn layer is located at a
distance of 3-10 nm from the QW. The spin splitting
is due to the effective exchange field in the doping Mn
layer and the relaxation from the impurity donor levels
is due to a very fast non-radiative recombination with
the holes in the low-temperature grown (Ga,Mn)As
layer16,17.
A somewhat different model system is shown in
Fig.1,b. Here the bound state is formed by a quantum
dot (QD) located at a small distance from the QW. This
state can accept one or two electrons. The spin splitting
inside the QD occurs due to an exchange interaction if
QD has paramagnetic impurities, an external magnetic
field if present and the dynamic Coulomb correlations
in the QD. The spin-independent relaxation channel is
represented by a metallic lead, so that an electron can
escape from QD with a characteristic rate γ1. The re-
sults presented below are equally valid for both schemes,
Fig. 1,a and Fig. 1,b, moreover, we believe that the pre-
sented theory can be applied to other systems of a similar
character. Below we make no difference between the two
variants of the model system shown in Fig. 1.
The Hamiltonian of the system can be written in the
form:
Hˆ = HˆQW + Hˆ1 + Hˆint, (1)
where HˆQW describes the QW:
HˆQW =
∑
σ,k
εkc
+
kσckσ, (2)
Hˆ1 describes the bound state with the Hubbard term for
on-site Coulomb repulsion:
Hˆ1 =
∑
σ
ε1nˆ
σ
1 + Unˆ
σ
1 nˆ
−σ
1 , (3)
and HT is the tunneling part describing the QW and
bound state coupling:
HˆT =
∑
kσ
tk(cˆ
+
kσ cˆ1σ + cˆ
+
1σ cˆkσ).
Here index k labels continuous spectrum states in the
QW, tk is the tunneling transfer amplitude between QW
states and the bound state. The bound state is char-
acterized by the energy level ε1, which can be split due
to an exchange interaction or an external magnetic field
into two spin sublevels with the energies εσ = ε1 + σ∆,
where σ = ±1/2 is the electron spin projection and ∆
is the energy gap. Operators cˆ+kσ, cˆkσ are the creation
and annihilation operators for the electrons in the QW,
nˆ1σ = cˆ
+
1σ cˆ1σ is the occupation number operator for
the bound state, operator cˆ1σ destroys electron in the
bound state with the spin projection σ. U is the on-site
Coulomb repulsion energy for the doubly occupied bound
state. Further analysis deals with the low temperature
regime when the Fermi level is well defined and the tem-
perature is much lower than all other energy scales in the
system.
III. NON-STATIONARY ELECTRONIC
TRANSPORT FORMALISM
Let us further consider ~ = 1 and e = 1 elsewhere, so
the equations of motion for the electron operators prod-
ucts nˆσ1 = cˆ
+
1σ cˆ1σ, nˆ
σ
1k = cˆ
+
1σ cˆkσ and nˆ
σ
k′k = cˆ
+
k′σ
cˆkσ can
be written as:
i
∂nˆσ1
∂t
=−
∑
k,σ
tk · (nˆσk1 − nˆσ1k), (4)
i
∂nˆσ1k
∂t
=− (εσ1 − εk) · nˆσ1k − U · nˆ−σ1 nˆσ1k
+ tk · (nˆσ1 − nˆσk)−
∑
k′ 6=k
tk′ · nˆσk′k, (5)
i
∂nˆσ
k′k
∂t
=− (εk′ − εk) · nˆσk′k − tk′ · nˆσ1k + tk · nˆσk′1. (6)
3Following the logic of Ref.19 we substitute the solution of
Eq. (6) into Eq. (5) to obtain:
i
∂nˆσ1k
∂t
=− (εσ1 − εk + iΓk)nˆσ1k − Un−σ1 nˆσ1k + tk(nˆσ1 − nˆσk)
+ i
∑
k′ 6=k
tk′tk
t∫
ei(εk′−εk)(t−t
′)nˆσk′1dt
′, (7)
where Γk = piν0 (εk) t
2
k and ν0 (εk) is the unperturbed
density of states in the QW. Further we assume that the
tunneling parameter tk has a negligibly weak dependence
on k, so for 2D density of states in the QW the tunneling
relaxation rate is a constant Γk ≡ Γ, which we take as
a parameter. If condition ε1−εFΓ  1 is fulfilled, nˆσ1 is a
slowly varying quantity in comparison with nˆσ1k. Conse-
quently, it is reasonable to consider that:
∂
∂t
nˆ±σ1 nˆ
σ
1k ∼ nˆ±σ1
∂
∂t
nˆσ1k. (8)
Taking into account that (nˆσ1 )
2 = nˆσ1 and (1−nˆσ1 )·nˆσ1 = 0
one can find expressions for (1 − nˆ−σ1 )nˆσ1k, nˆ−σ1 nˆσ1k and
obtain the equations for the time evolution of the particle
number operators nˆσ1 , nˆ
σ
k for the bound state and QW,
respectively. The suggested theoretical approach allows
one to analyze dynamic spin injection due to the spin-
dependent tunneling with account for high order correla-
tion functions for the bound state electrons. Therefore,
it gives possibility to analyze the effects of the on-site
Coulomb repulsion.
We also add explicitly the spin-independent relaxation
terms describing recombination in the QW with the rate
γk and relaxation at the bound state due to non-radiative
recombination (Fig. 1,a) or tunnel leakage into the lead
(Fig. 1,b) with the rate γ1. Thus, we account for the ef-
fect of Coulomb correlations on the tunneling between
QW and the bound state and also for the additional
bound state broadening due to the relaxation into a lead
or reservoir. This approach neglects the influence of the
QW and bound state relaxation channels on each other,
but allows for decoupling of the QW and bound state
equations of motion. Therefore, we obtain:
∂nˆσ1
∂t
= −2Γ · [nˆσ1 − (1− nˆ−σ1 ) · Φˆ (εσ)
− nˆ−σ1 · Φˆ (εσ + U)]− γ1 · nˆσ1 ,
∂nˆσk
∂t
=
2Γ
ν0pi
· [(1− nˆ−σ1 )(nˆσ1 − nˆσk)
Γ˜
(εσ − εk)2 + Γ˜2
+
nˆ−σ1 (nˆ
σ
1 − nˆσk)Γ˜
(εσ + U − εk)2 + Γ˜2
]− γk · nˆσk . (9)
Here we introduced the QW occupation operators Φˆ (εσ)
and Φˆ (εσ + U) as:
Φˆ (εσ) =
∫
dεk · nˆσk(εk) ·
1
pi
Γ˜
(εσ − εk)2 + Γ˜2
,
Φˆ (εσ + U) =
∫
dεk · nˆσk(εk + U) ·
1
pi
Γ˜
(εσ + U − εk)2 + Γ˜2
,
(10)
where Γ˜ = Γ + γ1. Note, that we introduced Γ˜ in order
to properly account for the structure of the bound state,
which is affected both by the hybridization with the QW
and the separate relaxation channel with the rate γ1.
One can obtain equations for the bound state occupa-
tion numbers nσ1 by averaging equations for the operators
and by decoupling electron occupation numbers for the
QW states from the bound state occupation numbers.
Such decoupling procedure is reasonable if one consid-
ers that Kondo correlations can be neglected20,21. Af-
ter decoupling the QW occupation numbers operators
nˆσk in Eqs. (9)-(10) have to be replaced by the dis-
tribution functions fσk . In order to take into account
spin-independent relaxation processes from the QW and
the bound state we add the corresponding rates γk and
γ1 into kinetic equations for the bound state occupation
numbers and the QW electron distribution function. As-
suming that equilibrium state corresponds to the empty
bound state and empty QW we obtain the following equa-
tions:
∂nσ1
∂t
= −2 · Γ · Iσk − γ1 · nσ1 ,
∂fσk
∂t
= 2 · Γ · Jσk − γk · fσk , (11)
where
Iσk = n
σ
1 − (1− n−σ1 ) · Φ (εσ)− n−σ1 · Φ (εσ + U)
Jσk =
1
ν0pi
[(1− n−σ1 )(nσ1 − fσk )
Γ˜
(εσ − εk)2 + Γ˜2
+
n−σ1 (n
σ
1 − fσk )Γ˜
(εσ + U − εk)2 + Γ˜2
], (12)
and QW occupation functions Φ (εσ) and Φ (εσ + U) read
Φ (εσ) =
∫
dεk · fσk (εk) ·
1
pi
Γ˜
(εσ − εk)2 + Γ˜2
,
Φ (εσ + U) =
∫
dεk · fσk (εk + U) ·
1
pi
Γ˜
(εσ + U − εk)2 + Γ˜2
.
(13)
We further solve Eqs. (11)-(12) implying the following
initial conditions at t = 0: the bound state is empty,
therefore nσ1 = n
−σ
1 = 0; the QW is filled by the photo-
excited carriers with a non-equilibrium energy distribu-
tion function characterized by chemical potential µ∗ and
electron temperature T : fk(0) =
1
e(εk−µ∗)/kT+1
.
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FIG. 2. (Color online) Time evolution of spin polarization and
QW sheet density for different QW relaxation rates γk. For
solid lines U/Γ = 35, for dashed lines U/Γ = 0. Parameters
ε↑/Γ = 2, ε↓/Γ = −2, µ∗/Γ = 0, γ1/Γ = 0.15 and Γ = 1 are
the same for all the figures.
The spin polarization of the electrons remaining in the
QW is given by N↑ − N↓, where Nσ =
∫
fσ (εk) dεk it
manifests itself in the circular polarization of the photolu-
minescence (PL) from the QW which can be measured16.
The spin polarization degree which would be measured
by optical means is defined as:
P =
N↑ −N↓
N↑ +N↓
. (14)
The polarization degree P is negative when electrons
with spin projection σ = − 12 prevail. The considered
theoretical approach is more general than in Ref.16 as
Eqs. (11) cover both cases of resonant and non-resonant
tunneling between the QW and the bound state.
IV. RESULTS AND DISCUSSION
The spin kinetics calculated according to the theory de-
scribed above is shown in Figs. 2-4. In all the calculations
we assume the same transparency of the tunnel barrier
N
+
N
N
N
-
G
G
N
N
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FIG. 3. (Color online) Time evolution of spin polarization
and QW sheet density for different bound state relaxation
rates γ1. Insert in the panel (a) demonstrates that for large
values of γ1/Γ spin polarization exhibits the same behavior
with (black curve) and without (red dashed curve) Coulomb
interaction. Parameters ε↑/Γ = 2, ε↓/Γ = −2, µ∗/Γ = 0,
γk/Γ = 1.5 and Γ = 1 are the same for all the figures.
FIG. 4. (Color online) Time evolution of spin polarization
degree. Parameters ε↑/Γ = 2, ε↓/Γ = −2, µ∗/Γ = 0, γk/Γ =
1.5 and Γ = 1 are the same for all the figures. Colors of the
curves and values of parameters U/Γ and γ1/Γ in the main
panel correspond to the colors and values shown in Fig. 3.
Insert shows the behavior of black and blue curves at the
beginning of the time evolution.
5characterized by the tunneling rate, which is taken Γ = 1.
Fig. 2 shows the time evolution of the spin polarization
(a) and total number of electrons (b) in the QW with
account for the on-site Coulomb repulsion U for the elec-
trons in the bound state. The calculation results are pre-
sented for various relaxation rates γk, which describe the
radiative recombination in the QW. As shown in Fig. 2,b,
the total number of electrons in the QW is decreased as
the initial non-equilibrium concentration of electrons re-
laxes due to the tunneling and radiative recombination.
In the absence of Coulomb correlations (U = 0), the to-
tal relaxation rate for the electrons in the QW is simply
the sum of the two γQW = γk + Γ. This conclusion holds
also for the case U 6= 0 if γk > Γ. The electrons mostly
relax through the recombination channel in the QW and
do not have enough time to be affected by the correla-
tions at the bound state. This situation is illustrated by
blue and red curves in Fig. 2. However, if Γ > γk and
U 6= 0, the decrease of the carriers sheet density in the
QW due to the tunneling is delayed as now the tunneling
of an electron requires an additional energy cost if the
final state is occupied. This case corresponds to the solid
and dashed black lines in Fig. 2.
Since the bound state is split in spin projection, the
relaxation rate through the tunneling channel is spin-
dependent. Therefore, the spin polarization of the elec-
trons in the QW shown in Fig. 2,a increases with time.
The increase is linear at t < (γk + Γ) in agreement with
Ref.16,17, later on the spin polarization decays as QW
becomes empty. As can be clearly seen in Fig. 2,a, when
the Coulomb correlations at the bound state become im-
portant, that is U 6= 0,Γ > γk, the maximum of the
spin polarization is substantially increased. For the pa-
rameters used for Fig. 2 the enhancement is more than
two times. The position of the maximum on time scale
is also substantially shifted to larger times. Thus, the
strong Coulomb correlations lead to a stronger dynamic
spin injection into the QW and the delayed kinetics, con-
sequently, the spin polarization in the QW is preserved
for a longer time.
The effect of the Coulomb correlations on the spin
polarization in the QW also depends on the spin-
independent relaxation rate at the bound state γ1 (as-
sumed to be the same for both spin sublevels). This in-
fluence is shown in Fig. 3. Obviously, if the bound state
sublevels are emptied faster than the rate of the incoming
tunneling electrons from the QW, the Coulomb correla-
tions shouldn’t play a role as the bound state would never
get doubly occupied. Indeed, for γ1/Γ > 1 the evolution
of the total sheet density and the spin polarization in the
QW is the same for U/Γ = 30 (red curve) and for U = 0.
In the latter case the magnitude of γ1 does not matter as
occupation of the bound state is not accompanied with an
additional energy cost. The effect of the Coulomb cor-
relations becomes important as γ1 is enhanced so that
the electrons are less effectively removed from the bound
state. The spin injection in this case in enhanced as
can be clearly seen in Fig. 3,a, blue line. The QW to-
tal occupation dynamics is also affected by the Coulomb
interactions, which lead to a decrease in the decay rate
analogously to what was seen in Fig. 3,b. However, one
can note that the discrepancy between different lines in
Fig. 3,a develops at times t > Γ. That is, when the bound
state becomes significantly populated with the tunneling
electrons so that the correlations become important.
Finally, Fig. 4 shows the spin polarization degree P
introduced in Eq. (14). It is this quantity that can be
measured experimentally as a degree of circular polar-
ization of the photoluminescence from the QW. Its time
evolution in the presence of the Coulomb correlations is
somewhat non-trivial. The linear growth of the spin po-
larization degree at 0 < t < Γ is common for the cases
with and without on-site Coulomb correlations. Start-
ing from t = Γ the increase of P is suppressed by the
Coulomb correlations (blue and green lines in Fig. 4. This
is a net effect of the two: the spin polarization, which is
the nominator in (14) is enhanced due to an effectively
large spin splitting of the bound state but the total oc-
cupation of QW, which is the denominator (14) remains
larger as the electrons are stuck in the QW. The Coulomb
correlations do not manifest themselves if γ1  Γ as was
discussed above (red line in Fig. 4). As the total number
of non-equilibrium carriers in the system decreases the
Coulomb correlations effect on polarization degree van-
ishes and all the curves converge at larger times in Fig. 4.
The characteristic time evolution of the polarization de-
gree demonstrated in Fig. 4 has been never reported be-
fore. In our opinion, it gives a good opportunity to verify
the role of the Coulomb correlations in the systems of the
considered type experimentally. It is also clear, that the
influence of the correlations can be well controlled by
adjusting the system parameters. In particular, for the
system design shown in Fig. 1,b the bound state relax-
ation rate γ1 is directly related to the transparency of
the barrier on the left, which can be tuned by changing
the barrier height or its thickness.
V. SUMMARY
We have studied dynamic spin injection by the mech-
anism of spin-dependent relaxation in a quantum well
coupled to the spin-split bound state. In this work for
the first time the impact of the Coulomb correlations at
the bound state on the spin and sheet density kinetics in
the QW were analyzed. As supported by our analysis, the
effect of the Coulomb correlations is twofold. Firstly, the
on-site Coulomb repulsion leads to an effectively larger
spin splitting and, consequently, an enhanced spin polar-
ization of the electrons remaining in the QW. Secondly,
it increases the characteristic time of the carriers relax-
ation in the QW since it reduces the electron tunneling
into the bound state. We predict that the interplay of
these two effects would lead to the non-trivial depen-
dence of a circular polarization degree of photolumines-
cence from the QW. This characteristic dependence will
6allow probing the strength of the on-site Coulomb cor-
relations experimentally. As shown by our analysis, the
effect of the Coulomb correlations can be controlled by
affecting the relaxation times. For example, the bound
state relaxation time can be tuned by a tunnel barrier
separating it from the lead. This opens a way of study-
ing the Hubbard-like electron-electron interactions exper-
imentally.
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